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Abstract 
Er-doped silicon-rich oxide (SRO) thin films co-doped with Al in high concentrations were prepared by sputtering. 
Some films were deposited using a substrate heater (150 °C < Td < 235 °C). Films deposited without using substrate 
heating were annealed to 700 °C. The photoluminescence (PL) of most of the former films was greater than the PL of 
the latter films. Excitation wavelength dependence (EWD) of Er ion emission presents variations as the O content 
decreases and the Al content increases. The dependence of the Er ion 980 nm peak PL with respect to the Er ion 1525 
nm peak PL indicates that the first emission depends less on energy transfer upconversion (ETU) processes  as the O 
content decreases and the Al content increases. Broadband excitable Er3+ infrared (IR) emission with less loss due to 
ETU processes is important for applications in photonics. 
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1. Introduction 
 
Rare earth (RE)-doped SROs are promising materials for the development of a silicon-based 
optoelectronic and photonic technology [1]. Such materials can be pumped using broadband sources due to 
the broadband absorption of the Si nanoparticles (np) [2] and their strong absorption, four to five orders of 
magnitude stronger than that of the RE ions [3]. RE-doped SROs can be easily integrated with silica and 
silicon [4]. Addition of variable amounts of Al to RE-doped SROs can modify features of the RE ion 
emissions. In the case of Er, it is important to obtain materials with a wider gain spectrum which can 
produce broader IR emissions, specifically for the communications window at ~ 1540 nm and increase the 
number of channels for such window [5]. Er-doped SRO films were prepared with Al in high concentrations 
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to modify features in the Er ion IR emissions and later studied. Such modifications could lead to 
enhancements in the PL of such RE ions, which is important for applications in photonics. 
 
2. Experiment 
 
All films were prepared by non-reactive rf-sputtering. Some films were deposited using a substrate heater 
(150 °C < Td < 235 °C). Without the use of the substrate heater Td is ~ 125 °C. Sputtering target 
configurations are presented in Table 1. Film thicknesses were in the ranges of 1.5 ̚ 4.5 µm. Only the films 
not deposited using the substrate heater were annealed to 700 °C. The chemical composition of the films was 
determined using a JEOL JSM-5800LV SEM equipped with EDAX
®
. The films were characterized by XRD 
using SIEMENS D-5000 equipment with a Cu KĮ source. For PL measurements at room temperature an Ar 
laser was used with an excitation power of 20 mW as well as an ISA-TRIAX 320 spectrometer equipped 
with a photomultiplier tube (PMT) and an IR detector connected to a lock-in amplifier. 
 
3. Results and discussion 
 
Chemical compositions of the film samples are shown in Table 1. The accuracy of the data is at the ±1±
2% level [6]. Substrate heating contributed to the greater deposition of oxide in the thin films. XRD results 
showed the films to be amorphous and no Al segregation was detected. The Si np in the films would be 
amorphous. 
 
Table 1. Chemical composition of thin films and characteristics of Er3+:4I13/2 ĺ4I15/2 emission. 
Sample O at% Al at% Si at% Er at% Normalized Integrated Intensity Bandwidth (nm) 
E1 46 17 36 0.7 0.55 49 
E2 46 21 33 0.8 0.54 46 
E3 * 57 9 34 0.1 1.00 45 
E4 * 55 11 33 1.1 1.00 46 
E5 * 54 13 31 1.5 0.76 47 
E6 * 52 13 33 1.5 0.48 47 
* 150 °C < Td < 235 °C 
 
Table 1 also presents characteristics for the Er
3+
: 
4
I13/2 ĺ4I13/2 emission (peaked at 1525 nm). Emission 
intensity is mostly greater for the films deposited with substrate heating. The substrate heated samples have 
a greater O content for a similar Si content and smaller Al content. The decrease in the emission intensity for 
these samples can be observed as the O content decreases and the Al content increases. Emission intensity 
for E6 is weaker than for E5 and is related to the decrease in the O content which decreases availability of O 
for ErO6 complex formation leading to more Er ion clustering. For such high Er content the Er
3+
 emission 
would be quite sensitive to the change in O content. The emission bandwidths for the samples are similar.  
 
Figure 1 shows the EWD of the Er ion 1525 nm emission intensity for the films deposited using substrate 
heating. The basic behavior corresponds to that of Er ion emission sensitized by Si np as is observed for E3. 
As the O content decreases and the Al content increases the behavior changes with the emission intensity for 
excitation with longer wavelengths increasing leading to inversion of the excitation wavelength dependence 
as is observed for E6.  
 
Figure 2 shows the dependence of the Er
3+
: 
4
I11/2 ĺ4I15/2 emission intensity at ~ 980 nm on the Er3+: 4I13/2 
ĺ4I15/2 emission intensity at ~ 1525 nm. Power law fits determine whether the former emission corresponds  
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Figure 1. Excitation wavelength dependence of the Er
3+
: 
4
I13/2 ĺ4I15/2 emission intensity at 1525 nm for 
substrate heated films. Lines serve as guide to the eye. 
 
Figure 2. Dependence of the Er
3+
: 
4
I11/2 ĺ 4I15/2 emission intensity at 980 nm on the Er3+: 4I13/2 ĺ 4I15/2 
emission intensity at 1525 nm for the substrate heated sputtered films. Lines correspond to power law fits to 
the data. 
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to ETU involving Er ions already excited to the 
4
I13/2 state (from the ground state) or not.  When the 
exponent is equal to 1 the 
4
I11/2 ĺ 4I15/2 emission is independent of the 4I11/2 ĺ 4I15/2 emission. When the 
exponent is equal to 2 then ETU takes place. Any Er ion already excited to the 
4
I13/2 state can relax back to 
the ground state transferring its energy to another nearby Er ion also excited to the 
4
I13/2 state. This second Er 
ion is consequently excited to the 
4
I9/2 state, relaxes to the 
4
I11/2 state and then de-excites radiatively back to 
the ground state. As the O content decreases and the Al content increases the ETU diminishes reducing 
losses in the emission at 1525 nm due to this type of process. The greater intensity of the 980 nm emission 
for film E5 is related to the higher Er content for this film. The 1525 nm emission intensity for this film 
would be reduced by excitonic migration among clustered Er ions with the energy absorbed in the end by 
nonradiative traps [7]. 
 
The high Al concentration doping of SRO changes the oxide structure as the Al present becomes a network 
former and the oxide matrix changes to an aluminosilicate. The Er emission bandwidth increases compared 
to Er-doped SRO thin films [8]. With substrate heating the increase in Al content along with decrease in O 
content reduces the loss of Er ion
4
I13/2 ĺ 4I15/2 emission intensity due to ETU. The change in the oxide 
matrix structure would increase the availability of sites for Er ions which would diminish Er ion clustering 
until the decrease in O content diminishes the amount of O available for ErO6 formation. As the O content 
decreases and the Al content increases the surface passivation of the Si np with O would be reduced and Al 
would start bonding to the surface of the np. The doping Al would act as a shallow impurity creating 
impurity states within the bandgap of the Si np. Doping of Si np using B, P or Mn has been reported [9, 10]. 
This would lead to the excitation wavelength dependence observed in Figure 1.  
 
4. Conclusions 
 
Substrate heating increases the deposition of oxide for Er-doped SRO films with high Al co-doping and 
increases the Er ion emission intensity beyond that obtained only by annealing. Better examination can be 
achieved of the variation in Al and O contents and their effects on the Er ion infrared emission intensity. 
Good control of both Al and O contents allow for increase in Er ion infrared emission intensity and 
bandwidth, as well as improvement on broader bandwidth excitation and reduction in ETU for films 
deposited using substrate heating and with annealing afterwards. This is important for applications in 
photonics. 
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